A quantitative, fluorescence-based PCR assay (TaqMan-based system) was developed for detection of human herpesvirus 8 (HHV-8) DNA in clinical specimens. Primers and probes chosen from each of five 10-kb segments from the unique region of the HHV-8 genome were evaluated for sensitivity with dilution series of DNA extracted from a cell line (BCBL-1) that harbors HHV-8 DNA. Although several of the primer-probe sets performed similarly with BCBL-1 DNA that had been diluted in water, their performance differed when target DNA was diluted in a constant background of uninfected cell DNA, an environment more relevant to their intended use. The two best primer-probe combinations were specific for HHV-8 relative to the other known human herpesviruses and herpesvirus saimiri, a closely related gammaherpesvirus of nonhuman primates. PCRs included an enzymatic digestion step to eliminate PCR carryover and an exogenous internal positive control that enabled discrimination of false-negative from true-negative reactions. The new assays were compared to conventional PCR assays for clinical specimens (saliva, rectal brushings, rectal swab specimens, peripheral blood lymphocytes, semen, and urine) from human immunodeficiency virus-positive patients with or without Kaposi's sarcoma. In all instances, the new assays agreed with each other and with the conventional PCR system. In addition, the quantitative results obtained with the new assays were in good agreement both for duplicate reactions in the same assay and between assays.
Human herpesvirus 8 (HHV-8), also known as Kaposi's sarcoma (KS)-associated herpesvirus, is the etiologic agent of KS; it has been associated with a subset of body cavity lymphomas known as primary effusion lymphoma and multicentric Castleman's disease (reviewed in references 8, 13, and 15). Many aspects of HHV-8 natural history are unknown, especially with regard to viral load in various bodily fluids in relation to time after infection, immune function, and therapy directed either at the virus, the end-organ disease, or the immune system. Study of such relationships requires reproducible, accurate, and precise methods for determining DNA concentrations. Semiquantitative and robust quantitative systems have been described, but in general they are not easily adapted for high throughput and are susceptible to PCR contamination due to both the number of manipulations required and the need to manipulate amplified products to enable detection (2, 3, 6, 7) .
Methods have been developed for the detection of PCR products that enable continuous monitoring of product accumulation during PCR, e.g., TaqMan, LightCycler, fluorescence resonance energy transfer probes (1, 5) , and molecular beacons (17) ; these methods are collectively referred to as realtime PCR. These methods do not require specimen manipulation after reaction assembly, thereby substantially reducing the possibility of PCR carryover contamination and reducing net labor. In addition, these systems can be adapted to yield accurate and precise quantitative information over a dynamic range that spans 6 orders of magnitude. Several assays based on the TaqMan system have been described for HHV-8 (4, 11, 12) . While these systems have clear utility, many aspects of their performance have not been defined, and only a few primer-probe combinations have been evaluated.
Here we describe the development and validation of a quantitative TaqMan-based system that is based on primer-probe combinations chosen from primer-probe sets derived from five different segments of the HHV-8 genome. Methods were incorporated for preventing amplimer carryover contamination and for evaluating amplification efficiency. The optimized assays were compared to each other and to a standard qualitative PCR system that used radioactivity-based Southern blot amplimer detection.
MATERIALS AND METHODS
Patient specimens. Patient specimens were obtained from human immunodeficiency virus-positive patients, some with KS (P. E. Pellett et al., unpublished data). Specimens included peripheral blood lymphocytes, semen, urine, rectal swab specimens, rectal brushings, and saliva. Appropriate institutional approvals and informed consents were obtained.
Primers and probes. Primers and probes were chosen using Primer Express software (PE Applied Biosystems, Foster City, Calif.). Primers and probes were synthesized by standard phosphoramide chemistry techniques at the Biotechnology Core Facility at the Centers for Disease Control and Prevention. Probes were labeled at the 5Ј end with the reporter molecule 6-carboxyfluorescein (FAM) and at the 3Ј end with the quencher 6-carboxytetramethylrhodamine. All TaqMan probes were synthesized with a 3Ј phosphate group to block extension by Taq polymerase.
TaqMan PCR. TaqMan reagents and enzymes were obtained from PE Applied Biosystems. Each 50-l PCR contained 1ϫ TaqMan universal PCR master mix containing uracil-N-glycosylase (AmpErase), 500 nM each HHV-8 primer, 100 nM HHV-8 probe, 0.2 fg of an exogenous internal positive control DNA (TaqMan exogenous internal positive control), 1ϫ TaqMan exogenous IPC primer and probe (VIC-labeled probe) mix, and 5 l of template DNA. Following 2 min of incubation at 50°C for the activation of uracil-N-glycosylase, the polymerase (Amplitaq Gold) was activated at 95°C for 10 min. Forty cycles of PCR were done, each consisting of 95°C for 15 s and 60°C for 1 min. Amplification was carried out with an ABI Prism 7700 sequence detection system (PE Biosystems, Foster City, Calif.), which permitted continuous automated reading of fluorescence intensities during PCR. Each PCR run contained numerous controls along with the standard dilution curve, including six no-amplification controls and six no-template controls. The dilutions of control template used to generate the standard curve were run in duplicate reactions, as were the unknown specimens. Data were analyzed in both real-time and end-point plate read modes.
Control template for standard curve. Purified BCBL-1 DNA (QIAamp blood kit; Qiagen, Valencia, Calif.) was used to prepare the standard curve. The HHV-8 genomic copy number was determined by Southern blot comparisons between dilutions of the purified BCBL-1 DNA and a plasmid of known concentration that contained an HHV-8 genomic fragment by use of a phosphorimager. As determined in a Southern blot reconstruction experiment, relative to a purified plasmid containing an HHV-8 genomic segment, there were approximately 25 copies of HHV-8 DNA per cell in the preparation used for these experiments (E. C. Mar, personal communication). The standard curve was generated based on dilutions of this DNA (5 ϫ 10 6 copies to 0.5 copy per reaction) in a constant background of 500 ng of DNA purified from uninfected HLF cells per reaction and 0.2 fg of the exogenous internal positive control DNA.
Internal positive control. A 0.2-fg quantity of TaqMan exogenous internal positive control was spiked into each unknown sample and control template. This control enables true negatives to be distinguished from false negatives due to PCR inhibition. In the PCR, the target and internal positive control DNA are amplified simultaneously. A negative result for the target and a positive result for the internal positive control DNA indicate that no target sequence is present. A negative result for each suggests PCR inhibition. The amounts of internal positive control DNA and primers included in each reaction were chosen by titration to be sufficient for consistent detection of the internal positive control DNA amplification without compromising the efficiency of the target DNA amplification. A post-PCR plate read (end point) was done to collect one fluorescence scan per well for detection of the internal positive control DNA amplification. The internal positive control DNA is detected with a VIC-labeled probe, allowing it to be discriminated from the HHV-8 DNA detected with the FAM-labeled probe. Data acquisition and analysis were done using sequence detection system software (version 1.6.3; PE Applied Biosystems).
RESULTS

Selection and preliminary evaluation of primers and probes.
Computer-based methods for choosing primers and probes do not take into account important parameters, such as the sequence composition of the complex mixture of DNA that is represented in a virus-infected eucaryotic cell or the influence of secondary structure on the ability of a segment of DNA to be amplified. Thus, experiments must be done to evaluate the relative utility of computer-chosen primer-probe combinations (10) . Primer-probe combinations were chosen that were among the best predicted within each of five 10-kb segments that together span 50 kb of the HHV-8 genome. The different genomic segments were targeted to obtain at least two primerprobe sets derived from different genomic regions, to provide greater assurance that potentially infectious virus is being detected, and to ensure that the chosen sets represent theoretically and experimentally evaluated nearly optimal sequences derived from sampling of a substantial portion of the viral genome. Sequence analyses have indicated that this portion of the genome is generally highly conserved among HHV-8 genomes obtained on different continents and from different diseases (9) . Criteria for the initial selection of primers included a GϩC content of between 30 and 80%, avoidance of identical runs of a nucleotide, amplimer lengths of between 60 and 150 bp, a T m of ϳ58 to 60°C, and the absence of more than two G's or C's at the 3Ј end. Probes were chosen to avoid identical runs of a nucleotide, to not have a G at the 5Ј end, and to have a T m ϳ10°C higher than that of the corresponding primers (ϳ68 to 70°C). In addition, several primer sets were chosen so that their reaction temperatures would be the same for ease during optimization and eventual simultaneous use. The amplimers chosen for experimental evaluation ranged in length from 67 to 125 bp (Table 1) .
In initial experiments, primer concentrations and ratios were titrated using a constant amount of purified BCBL-1 DNA (equivalent to 2,400 copies) to determine the minimum primer concentrations that yielded the maximum magnitude of the a Position relative to positions in the sequence under GenBank accession number U75698 (HHV-8 unique segment) (14) . signal generated (⌬Rn). Primer concentrations tested were 250, 500, and 750 nM. All probes were used at a concentration of 100 nM. The following primer concentrations (for the forward and reverse primers, respectively) worked best: K5, 250 and 500 nM; orf25, 500 and 500 nM; orf37, 500 and 500 nM; orf47, 500 and 750 nM; and orf56, 500 and 500 nM.
Primer and probe sets were tested against dilutions of purified BCBL-1 DNA ranging from 5 ϫ 10 6 copies/l to 0.5 copy/l. As summarized in Table 1 , all of the primer-probe combinations performed well when the dilution was done in water. However, when the same template was diluted in a background of 10 ng per l (500 ng per reaction) of DNA extracted from uninfected cells to mimic the actual conditions of low virus concentrations in human tissues and fluids, the primer-probe sets based on orf25 and orf37 had better values for both ⌬Rn and the threshold cycle of detection (Ct) ( Table  1) . Standard curves generated with these primers and a control template diluted in the presence of uninfected cell DNA had a correlation coefficient of approximately 0.99 over the range of 5 to 5 ϫ 10 6 genomic copies (Table 1) . Exogenous internal coamplified positive control. The use of an exogenous internal coamplified positive control enables same-tube evaluation of amplification efficiency, which reflects the presence of PCR inhibitors. This is particularly useful with specimens such as bodily fluids or tissues in which the cellular DNA load can vary widely and in which the detection of a cellular gene by standard PCR can give a false sense of the suitability of a template preparation for detecting a viral DNA target that may be present at fewer than 1 copy per 100,000 cells. We used a commercially available internal positive control DNA that can be detected with a VIC-labeled probe that does not interfere with the FAM-labeled probe used to detect HHV-8 DNA. Titrations of the internal positive template sequence and its primers and probes were done to identify concentrations that enabled reliable detection of the probe without interfering with the amplification of viral DNA (data not shown). The internal positive control DNA could be diluted 40-fold relative to the manufacturer's recommendations. The recommended concentration of the probe worked the best (data not shown). Under these conditions, the internal positive control could be detected with no discernible effect on HHV-8 detection limits.
Specificity. All of the primer-probe sequences were compared with sequences in GenBank by using BlastN and BlastX; no obviously significant matches to anything other than their intended HHV-8 targets were identified. The orf25 and orf37 primer-probe combinations were further tested for specificity in reactions that included 10 5 genomic copies of each of the other known human herpesviruses plus herpesvirus saimiri, a nonhuman primate gammaherpesvirus closely related to HHV-8. As shown for orf37 in Fig. 1 , only HHV-8 gave a positive signal.
Comparison with conventional PCR. Having optimized for sensitivity and specificity the primer-probe combinations, we compared the orf25 and orf37 TaqMan-based PCR assays to our conventional PCR assay. Patient specimens were obtained from human immunodeficiency virus-positive patients, some of whom had KS. Specimens included peripheral blood lymphocytes, semen, urine, rectal swab specimens, rectal brushings, and saliva and were chosen as a mixture of specimen types that had shown positive or negative reactivity in our conventional PCR assay (16) . There was complete correlation between the TaqMan-based assays and the standard assay (Table 2 ). Viral loads for HHV-8-positive samples ranged from 13 copies/reaction to 1,530 copies/reaction. The results obtained from duplicate reactions were very consistent (less than 2% variation from the mean), and the quantitative values from the orf25 and orf37 assays were in good agreement (Table 2) . These results are further indicators of the reproducibility of the assays.
The highest concentration of control BCBL-1 DNA template used to generate the standard curve typically results in an initial Ct value of 14 cycles, indicating a significant increase in The conventional PCR results are from two independent assays whose results were in complete agreement. These assays were based on radiolabeled Southern blot detection (16) .
c Number of copies per 5 l of DNA; mean of duplicates (variation from the mean was less than 2%). the ⌬Rn. At the detection limit, the control specimen containing approximately five copies of HHV-8 DNA usually has a Ct value of approximately 33 cycles. All of the clinical specimens that were identified as positive in the conventional PCR assay had Ct values of between 26 and 32 cycles in the two TaqManbased assays. All of the clinical specimens that were identified as negative in the conventional PCR assay had Ct values of greater than 35 cycles in the two TaqMan-based assays.
DISCUSSION
Quantitative, fluorescence-based assays were developed for PCR detection of HHV-8 DNA in various human body fluids. The new assays have numerous advantages over conventional PCR assays that require additional steps for amplimer detection, such as Southern blotting following gel electrophoresis or enzyme-linked immunosorbent assay. These advantages include (i) reduced opportunity for carryover contamination from prior PCR experiments because reactions are performed with closed 96-well plates that are never opened after reactions are set up, (ii) inclusion of an exogenous internal positive control that allows discrimination of true negatives from false negatives due to PCR inhibition, and (iii) ability to complete experiments in 1 day with a rigorous quantitative result. In addition, the chance of PCR carryover contamination was further reduced by inclusion of an enzymatic step to digest stray amplimers from previous reactions. The linear range of the assays was between 5 and 5 ϫ 10 6 target copies; variability between duplicate specimens tested with the same assay was less than 2%, with independent quantitative assays being in agreement within a factor of approximately 2. The simplicity of the system makes it useful for application to large numbers of samples for the quantitation of HHV-8 in clinical specimens.
Lallemand et al. (4) recently described a TaqMan-based HHV-8 quantitative PCR system that was based on a single primer set derived from one HHV-8 gene (orf73). They quantitated cellular DNA in a separate reaction, a process which enabled them to report results in terms of viral genome copies per cell; for some purposes, this would be a straightforward useful addition to the method described here. However, the use of a cellular gene as a positive control target can provide false reassurance that the template is suitable for the amplification of low-copy-number targets, as exemplified by the possibility of only 1 in 100,000 cells being infected with HHV-8. To address this situation, we incorporated a titrated amount of an exogenous internal positive control that enabled us to discriminate false-negative from true-negative reactions, without competing for reaction resources or giving a false sense of security regarding template suitability.
